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Abstract 

Developing gene therapy strategies may allow contemporary medicine 
to reassess Its management of solid malignancies. We have demonstrated 
previously that the wild-typ«p5J adenovirus (Ad5CMV-p53) suppressed 
the growth or established tumors or the head and neck. In this paper we 
develop a microscopic residual model which mimics the postsurgical 
environment or head and neck cancer patients with advanced disease. 
Using this squamous cell carcinoma of the head and neck model, we 
prevented the establishment or tumors In nude mice In which tumor cells 
had been s.c Implanted by transiently introducing exogenous wild-type 
pS3 via an adenoviral vector 2 days following tumor cell Implantation. 
These effects were vector dose dependent but independent on the endog- 
enous wild-type or mutated p53 status or the cells. Importantly, karyo- 
typically normal and nontumorigenic fibroblast cell lines are inert to the 
p 53 adenovirus treatment. These results pave the ground work for further 
development of molecular therapy for head and neck cancer and other 
solid malignancies. 

Introduction 

Patients with SCCHN 3 are afflicted with a disease process that 
often has profound effects upon speech* swallowing, and cosmesis. 
Furthermore, the overall rate of survival among these patients, ap- 
proximately 50%, has remained unchanged for the nearly 30 years 
since contemporary surgery and radiation therapy were instituted (1). 
Recurrences among these patients remain predominantly local and 
regional; approximately only 10% of patients die of distant metastasis 
alone (2, 3). In patients with SCCHN, the pathological findings of 
extracapsular invasion, neurotropism, and microscopic residual 
disease necessitate adjunctive therapy and predict aggressive local- 
regional disease. Moreover, these factors can usually be predicted 
prior to surgical intervention. fJ" 

In head and neck cancer, direct gene transfer to microscopic resid- 
ual carcinoma may not be technically difficult. When the primary 
tumor is removed, the tumor milieu is readily accessible for molecular 
therapy and is the most likely pathway of lymphatic spread when the 
regional lymphatic dissection is performed. Therefore, novel means of 
addressing assumed microscopic residual disease using direct transfer 
of genes that encode toxic products, specific tumor suppressor genes, 
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or genes that induce products that specifically promote tumor cell 
death and spare nonmalignant cells may provide desperately needed 
improvement in local-regional control among these patients and thus 
be an important approach to cessating these malignancies. In addition, 
several other solid malignancies possess the same dilemma, and 
therefore the model of SCCHN may provide insight into cancers of 
several other organ systems. 

We believe that promising new therapies for SCCHN are interven- 
tions at the molecular level, and adenovirus-mediated gene transfer is 
our clinical method of choice for such intervention. Adenoviruses 
have a known tropism for the epithelium of the aerodigestive tract and 
are linked only to minor disease in humans (4). Moreover, in contrast 
to retroviruses, they are capable of transferring genes to nonprolifer- 
ating cells, which appears preferable because of the heterogeneity of 
cell cycling within the tumor microenvironment (5). Finally, the 
transient nature of gene expression after adenoviral gene delivery 
allows selection of a molecular intervention that will provide the 
desired outcome (tumor cell death in cancer) without long-term inte- 
gration of the recombinant molecular therapy into bystander cells and 
the potential ramifications thereof. 

Materials and Methods 

Cell Lines and Culture Conditions. Human SCCHN cell lines Tu-138, 
Tu-177, MDA 686-LN, and MDA 886 were all established at the Department 
of Head and Neck Surgery, M. D. Anderson Cancer Center, and had been 
characterized previously (6, 7). Thesjp cells were grown in DMEM (DMEM/ 
Ham's F*12) supplemented with 10%') heat- inactivated fetal bovine serum and 
penicillin/streptomycin. i 

Recombinant Adenovirus Preparation and Infection, Cell Growth As- 
say, and Western Blot Analysis. All the procedures have been described 
previously (8). Cell growth assays were all performed in triplicate. 

In Vivo Transduction with 0-GalactosIdase Adenovirus. X-Gal staining 
of tissue specimens were performed on ornithine carbamyl transferase [Tissue 
Tele O. C. T. Compound* (Miles, Elkhart, IN)] frozen tissue sections to 
determine transduction efficiency. Eight-pun-thick specimens were washed in 
cold PBS and fixed in 0.5% glutaraldehyde at room temperature for 5 min. 
Slides were then washed twice with 4*C PBS and incubated, for 4 a in X-Gal 
solution [13 rim MgCU, 15 m.M NaCl, 44 m.vt Hepes buffer (pH 7.4); 3 mM 
potassium ferricyanide, 3 ra.vt potassium ferrocyanide, and 2% X-Gal in 
MiV-dimethyformamidc]. Slides were counterstained with H St E. 

Immunohistochemical Analysis. Formalin-fixed paraffin-embedded in 
vivo animal experimental tissues were cut at 4-5 um, dried at 60*C. depar- 
affinized, and hydrated with distilled water. Sections were then treated with 
0.5% saponin in distilled water and rinsed in several changes of distilled water: 
endogenous peroxidase activity was blocked with 3% hydrogen peroxide in 
methanol, followed by rinsing in several changes of distilled water. Sections 
were microwave-irradiated in distilled water for 3 min using a Sharp Model 
R9H81 microwave oven operating at a frequency of 2450 MHz at 700 W. After 
cooling, sections were washed in several changes of distilled water and placed 
in PBS; immunochemical studies were performed by using the avidin-biotin- 
peroxidase complex method of Hsu er aL (9) in the following manner: sections 
were blocked with normal horse serum and incubated overnight at 4 # C with 
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rabbit amihuman p5J polyclonal antibody, clone OM-l. 1:30 (Signet 
Laboratories, Denham, MA). An anti-rabbit IgG Elite kit (Vector Laboratories. 
Burlingame. CA) was then used to apply biotinylated anti-rabbit IgG and 
avidin-biotin-peroxidase complexes which were incubated for 45 min each. 
The immunostaining reaction was visualized by using 0.5% dimcthylamino- 
azobenzene in PBS containing 0.01% hydrogen peroxide (pH 7.6), counter- 
stained with 0.01% toluidine blue, dehydrated, cleared, and mounted in Per- 
mount. To verify the specificity of the immunostaining reaction, 
immunoperoxidase staining was performed (using the same method as on test 
samples) on a known positive cytospin of a tissue culture of a squamous 
carcinoma celt line as well as on a negative rabbit monoclonal antibody g 
control. 

Inhibition of Tumor Growth in Vivo. The effect of Ad5CMV-p33 on a 
microscopic disease model of SCCHN was determined in nude mice in a 
defined pathogen-free environment. Experiments were reviewed and approved 
by institutional committees for both animal care and utilization and the 
Biosafery Committee for recombinant DNA research. Briefly, nude female 
mice (aged 4-7 weeks) were anesthetized with i.p. ketam ine/acepromazine (70 
mg/kg of body weight) (Parke-Davis, Morris Plains, NJ). After their bodies 
were prepared with alcohol wipes, incisions were made in the dorsal flanks and 
three sx. flaps were elevated with sharp dissection. Sterile pipette dispensers 
were used to introduce the desired number of tumor cells in 100 fd of culture 
medium into the flap, which was sealed with a horizontal mattress suture. 
Forty-eight h following tumor-cell delivery, the animals were reanesthetized 
and the sutures removed. The flap was infected with Ad5CMV-p33, CU312, 
0-galactosidase adenovirus, or PBS alone (mock infection) by pipetting in 
100-uJ increments; the flap was then resealed with a horizontal mattress suture. 
The PFU of the inoculant was increased in log increments with animals serving 
as their own controls as well as single-flap models on animals. The animals 
were observed daily for tumor development and killed in cases of excessive 
tumor burden or after 12 weeks of observation. All surgical sites were eval- 
uated pathologically as well as by necropsy analysis for systemic toxicity. 
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Fig. 1. Composite growth curve of four SCCHN cell lines. A, Tu-138; B, TV 1 77; C. 
MDA 686-LN: 0, MDA 886. Mock infected cells (•). dU 12-infected ceus (A), and 
A45CMV.p53 infected cells (■). The mean of cell counts per triplicate welts following 
infection were plotted against (he number of days post-infection; bars, SEM. 
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Fig. 2. Expression of exogenous pS3 protein in adenovirus infected normal fibroblasts 
and its effect on growth rate. A, Western blot analysis. Cellular extracts isolated from cells 
24-h postinfection were subjected to SOS-PAGE. Lane /, Tu-138 infected with the 
Ad5CMV-p53; Lane 2, mock-infection of Fibroblast-138; Lane J, Fibroblast- 138 cells 
infected with the replication-defective adenovirus, 41312; Lane 4, Fibroblast-138 celts 
. infected with the Ad5CMV-p53. B. Growth curve of normal fibroblast cell tine. Mock 
infected cells (•}. dl3l2 infected cells (AX and Ad5CMV-p53-infected cells (■>. 

Results 

Effect of Exogenous p53 on SCCHN Cell Growth in Vitro. We 
described previously the in vitro inhibition of cell growth by 
Ad5CMV-p53 in SCCHN cell lines with endogenously mutated p53 
(8). We therefore sought to determine whether SCCHN cell lines with 
endogenous wild-type p53 would be similarly affected. We also 
' investigated the effect of Ad5CMV-p53 on nonmalignant fibroblasts. 
Four human SCCHN cell lines were chosen for this study: Tu-138 
and Tu-177, which possess a mutated p53 gene, and MDA 686-LN 
and MDA 886, which are homozygous for the wild-type p53 gene. 4 A 
fibroblast cell line derived from normal fibroblast outgrowth, which is 
karyotypically normal and nontumorigenic, was used as a nonmalig- 
nant control cell line. Cells infected with the control vims, dl312, had 
growth rates similar to those of the mock-infected cells, whereas the 
growth of tumor cells infected with Ad5CMV-p53 was significantly 
suppressed (Fig. 1). Twenty-four-48 h after infection, an apparent 
morphological change occurred in all tumor cells, with portions of the 
cell population rounding up and their outer membranes forming blebs. 
These are part of a series of histologically predictable events that 
constitute programmed cell death. The effect occurred earlier in cells 
with endogenous mutated p53 than it did in those cells with wild-type 
p53. Cells infected with replication-defective adenovirus, dI312, dem- 
onstrated normal growth characteristics with no histomorphological 
abnormalities. Growth assays were reproducible in four repeated 
experiments. 


4 C. L Cayman, unpublished data. 
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Expression of Exogenous p53 Protein in Adenovirus Infected 
Normal Fibroblasts and its Effect on Growth Rate. Additionally, 
we investigated the effect of the Ad5CMV-p53 on karyotypically 
normal and nontumorigenic fibroblast cell lines. These cells were 
isolated during the establishment of primary tumor cell lines. Twenty- 
four h after infection. Western blot analysis was performed to com- 
pare the levels of protein produced by the different infected cell types. 
A p53 band, recoenized by the monospecific anti- P ?3 antibody. 
PAblSOl was observed in cellular extracts isolated from all samples 
infected with the Ad5CMV-p53 (Fig. 1A: Lanes I and 4). As has been 
shown previously (8). cell line Tu-l3S infected with the p53 adeno- 
virus showed high levels of p53 protein following transduction and 
served as a control (Fig. Z4: Lane I). The level of ^ expression 
remained similar in both mock-infected and dl3l2-infected cells 
Fi^ 2A> Lanes 2 and 3). The Ad5CMV-p53-infected fibroblasts 
showed hkher levels of p53 protein than did the control cells (Fig. 1A: 
Lane -U This result indicates that the p5J gene is efficiently translated 
into normal fibroblasts infected with Ad5CMV-p53 as evidenced by 
production of immunoreactive p53 protein. The protein ^expression 
and transduction efficiency of cynwpins of Ad5CMV-p^ infected 
fibroblast* were verified bv immunohistochemical analysis (data not 
shown) Thi^ fibroblast cell line exhibited normal growth rate an. 
morpholep independent of the intervention (mock, repl.cat.on-dcreo 
live virus"" or Ad5CMV^3» (Fit;. 2B). These experiments un- 


repealed twice and also verified in other normal human fibroblast 
cell lines. 

In Vivo Transduction Efficiency. To measure the efficiency of 
gene transfer (// vivo, we resected the s.c. flap site 72 h following 
molecular or control intervention. Dose-response experiments with 
the adenovirus j3-galactosidase -marker vector demonstrate dose-re- 
sponse transduction efficiency in this model (Fig. 3). This was con- 
firmed with immunohistochemical analysis 4 days following infection 
with Ad5CMV-p53 (Fig. 4). Both groups of experiments exhibited an 
in vivo dose response w"hich had been described previously in vitro by 
us and others lS). In no instances did doses of virus exceeding 
10 !,, -PFU effect expression of p5J in other organ systems including 
brain, liver, lung, heart, abdominal visceral organs, and skin (data not 
shown). These "experiments illustrated a dose-response relationship 
between viral titer and transduction efficiency as well as the possi- 
bility of achieving ex:c:^i-.e transient expression of the transduced 
cene within the desired -urgical model field. 

Suppression of Tumor Growth in Vivo. We designed our initial 
experiments to determine whether in vivo Ad5CMV-p53 mediated 
.•eno transfer would affect the establishment or growth of SCCHN 
cells implanted into a -.c. flap. W c created a microscopic residual 
v^ca-e model. In thi^ model, three s.c. flaps were elevated on athymic 
mule u*m.i!e nt.ee. and Z.r • In" uf tumor cells were needed by 
p.pettmc Instead ni aHi-wn^ the tumor cells to form nodules 
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HX» *l nr AJ«CMV.p53 (Hi" PFU» in 'he -kn: anterior rlar si}\l \ replication de:\; „•':•. .• _J 
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SCCHN. Nude female mice implanted \*i:h Tu-t.-S cell itr.o and delivered -S h later with 
enovirus) 10* PFU in the right posterior flap and t run spot! medium i PSSr alone in :he left 
: :umor burden developed. No griws or hi>u»locic:fl evidence of tumor in the Au5 CM V-p3 J 

eik- microscopic miduat dixxsc tlap model. The Ad5CMV-p5." pipened :n:u :he i.e. 
SCCHN cell line MDA rcih-LN is >h»un. Km. / nw<A mrecrion *hu*wn- lack of 

. . I"t* PFU of Ad5CMV.p5;»; Pamf J. in"' PFL .??}. l.-n.-^-vjimr.g wis 

c. :he avidin-hiotin meihod. A clear di»%*: -response rel.itiorsr.ip is %h.>un. No wacie :umor 
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.nerally occurring in 4 days), we delivered our single dose of 
molecular intervention at 48 h following tumor cells seeding, tn this 
manner, although no gross tumors were present, microscopic tumor 
celts were within the surgical site mimicking the clinical dilemma of 
surgical excision of all gross tumor. The development of tumors was 
directly related to the number of tumor cells, the time allotted for 
implantation, and the dose of Ad5CMV-p53. Of the mice which 
received microscopically implanted tumor cells (2.5 X 10 6 ) and were 
treated with Ad5CMV-p53 at 10 3 PFU or greater, only two mice 
developed tumors, both of which were implanted with the wild-type 
p53 cell line (MDA 8S6-LN). All other cell lines exhibited absence of 
tumor development (Table 1). These experiments clearly indicate that 
the growth of microscopic tumor cells can be effectively suppressed in 
vivo if exposed to the AdiCM V-p53 (Fig. 4A ). Tumor formation was 
evaluated at the end of a 12-week period (earlier animal sacrifice in 
circumstances of excessive tumor burden) by gross and histological 
analysis of the surgical sites. The data of tumor establishment is 
summarized in Table 1, and a representative experiment Is shown in 
Fig. 4A. 

Immunohistochemical analysis was performed on the tumor sec- 
tions of experimental animals. A representative experiment of the 
SCCHN cell line MDA 686-LN is shown (Fig. 45). This cell line 
possesses the wild-type endogenous p53 gene. Lack of significant 
basal immunostaining with the viable tumor of MDA 686-LN (mock- 
infection) is seen in Panel A. Panel B (Ad5CMV-p53 at 10 7 PFU) 
shows peripheral tumor necrosis with immunostaining in the more 
central portion of the tumor. Panel C (Ad5CMV-p53 at 10 s PFU) 
reveals total necrosis of the tumor with immunostaining found in the 
entire surgical pocket with multiple layers expressing protein, includ- 
ing stroma and superficial muscular layers. Panel D (Ad5CMV-p53 at 
10 9 PFU) shows similar results to that of Panel C, however increased 
exogenous p53 expression throughout the surgical site and edema are 
prominent. 

Using animals, which served as their own internal controls, im- 
plants of 4.0 X 10 A or more cells significantly increased the estab- 
lishment of s.c. implants as compared to the tumor implantation of 
2.5 X 10* cells (P < 0.01), even when treated at the surgical site with 
Ad5CMV-p53 48 h after inoculation. Allowing implanted cells to 
establish for 72 or 96 h prior to the Ad5CMV-p53 intervention 
similarly increased tumor take (data not shown). Dose-response ex- 
periments established that 10 s and 10 9 PFUs of the Ad5CMV-jp53 
were equally effective in inhibiting tumor burdens of 2.5 X it) 6 cells 
implanted for 48 h (data not shown). Endogenous p53 status of 
implanted tumor cell lines (whether homozygous mutated or wild- 
type p53) had little impact on the effectiveness of the Ad5CMV-p53 
in the cessation of tumor development. 


Table t Effect of Ad5CMV-p5J on tumorigenicity in a microscopic residual disease 
model of SCCHN 

Forty -eight h post tumor cell implantation, mice were again anesthetized and given a 
single intervention of either vehicle or viruses (1 X 10* PFU (Ad5CMV.p53 or d!3l2) 
each in 0.1 ml] in each of the flap sites. Tumor formation was evaluated at the end of a 
12-week period. In further experiments, the wild-type p53 cell line. MDA S86. exhibited 
no tumor developed in 5 of 5 animals when the identical treatment strategy with 10" PFU 
AdJC.MV.p53 was delivered at 43 h. 


Cell line 

Treatment 

No. of mice developing tumurs/tocal mice 
Vehicle 

PBS 

di3i: 

Ad5CMV.p53 

Tu-138 (homozygous mutation pSJ) 



07* 

Tu-177 (homozygous mutation p5S) 

8/S 

as 

078 

6W6-LN (homozygous wild-type pJJ) 

5/3 

53 

as 

(homozygous wild -type p5S\ 

6/6 

ft.fl 

2/6 


Discussion 

Tumor suppressor genes are only one of several groups of genes 
whose transfer might be useful for the local and regional treatment of 
cancer. Increasing immune surveillance by enhancing of MHC antigen 
expression or inducing local cytokines to activate the immune system can 
induce a local tumor effect. Another approach is introducing a gene that 
may induce apoptosis or that would make a tumor sensitive to particular 
chemotherapeutic agents. Furthermore, focusing on cell-cycle arrest in 
malignancies may prove beneficial. 

At least two gene "suicide vectors" have already been described; the 
herpes simplex thymidine kinase gene allows infected cells to be treated 
with ganciclovir while noninfected cells are unaffected, and the bacterial 
enzyme cytosine deaminase gene allows infected cells to convert 6'- 
fluorocytosine to 5-fluorouracil. Unlike these agents, Ad5CMV-p53 has 
shown no significant toxic effect on untransformed cells and its expres- 
sion is transient, tasting about' L5 days (data not shown). 

In vitro experiments have shown that Ad5CMV-p53 stops cell 
growth regardless of the endogenous p53 gene status of the tumor 
cells. The mechanism by which abundant overexpression of wild-type 
p53 protein induces this effect appears to be apoptosis, but this 
requires further investigation. It is important that normal fibroblasts 
transduced by this vector express the wild-type protein at levels 
similar to the SCCHN cell lines but without inhibition of cell growth 
or abnormalities in morphology. The unique molecular events occur- 
ring within these transformed tumor cell lines that dispose them to cell 
death following Ad5CMV-p53 transduction (while nonmalignant 
cells are spared) requires elucidation. Nevertheless, this sparing of 
normal cells further supports the potential for molecular therapy with 
this vector, since transduction of normal cells will be unavoidable in 
in vivo human trials. 

Clearly a pure viral effect was also noted on delivery to the s.c. 
pockets, however this did not appear to be tumoricidal in these 
experiments. No clinical or histological findings of inflammation 
or edema different from those at the control sites were noted when 
the mice were treated with replication-defective virus or adenovi* 
rus 0-galactosidase at 10 7 PFU or less. At 10 s PFU and higher 
doses, however, inflammatory polymorphonuclear leukocytes and 
edema were histopathologically evident in the pocket sites, al- - 
though no soft-tissue compromise was clinically evident. These 
conditions were not seen in mice mock-infected with transport 
medium alone or with lower viral doses. 

In vitro studies in our laboratory have shown approximately 70% 
adenovirus transduction among SCCHN cell lines in a single 
exposure under optimal conditions. Nevertheless, the in vivo stud- 
ies clearly showed significant suppression of tumor development 
from tumor burdens of 2.5 x 10 6 cells. Whether this reflects a need 
for a particular minimum tumor burden for tumors to develop, a 
"bystander** infectious environment, or an insensitivtty of our 
assays to determine the effectiveness of molecular transfer has not 
been established. 

These studies were designed to evaluate the efficacy and potential 
therapeutic role of in vivo gene transfer in a local-regional micro- 
scopic residual disease model. They revealed an effective in vivo 
mechanism for molecular therapy in head and neck cancer and suggest 
that this model delivery system may have a profound impact in the 
management of microscopic residual disease. 
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ABSTRACT 

Cancer gene therapy strategies for inducing apoptosis in solid tumors 
may allow contemporary medicine to reassess its management of these 
cancers. We demonstrated previously that overexpression of the wild-type 
pS3 gene in squamous cell carcinoma of the head and neck cell lines via 
adenovinis*mediated gene transfer suppressed growth both in vitro and in 
vivo. Here, we characterize the mechanism of the growth suppression by 
the exogenous p53 gene as a consequence of programmed cell death 
(apoptosis i. One of the cell lines used in this study. Tu-138, harbors a 
mutated p53 gene, whereas the other cell line. MDA 686LN. possesses a 
wild-type p53 gene. DN A fragmentation was detected by electrophoresis in 
both cell Unes after infection with the wild-type p53 adenovirus, AdSCMV- 
p53. With the use of the terminal deoxynucleotJdyl transferase- mediated 
dLTP-btotin nick end-labeling method, 4.4% of the remaining viable 
Tu-138 cell population was identified as apoptodc as early as 15 h after 
inoculation with AdSCMV^iJ. The percentage of apoptodc ceils in- 
creased to 31% at 22 h. In contrast only 10% of the viable MDA 686LN 
cells <wt-p5J> had undergone apoptosis 30 h after Ad5CMV-pS3 infection, 
although the percentage of apoptodc cells rapidly increased to 60% at 48 
h after infection. For in vivo analysis of apoptosis, node mice in which 
squamous cell carcinoma of the head and neck cell lines had been Im- 
planted s.c had exogenous wt-p53 transiently Introduced to the tumor 
cells via Ad5CMV-p5J 2 days later. In situ end labeling dearly illustrated 
apoptosis In the tumor ceils. These results suggest that wt-pJJ plays an 
Important role in the induction of apoptosis in human head and neck 
cancer cell Unes and that selective Induction of apoptosis In cancer cefls 
can be further explored as a strategy for cancer gene therapy. 

INTRODUCTION 

Balancing the rates of ceil proliferation and cell death is important 
in maintaining normal tissue homeostasis. Disruption of this balance 
may be a major factor in the muitistep process of nimorigenesis, and 
inhibition of apoptosis, or programmed cell death, is one cause of this 
disruption. Apoptosis also occurs during normal embryogenesis, in 
the course of normal tissue turnover, after withdrawal of a trophic 
hormone from its target tissue, and in thymic regression, offering 
excellent opportunities to study the apoptodc pro ces s. .We contend 
that the most promising new therapies for solid m a li gnancies are 
interventions at the molecular level, and that selective induction of 
apoptosis in these cancers is a logical intervention strategy. The gene 
or genes that may induce cancer cell apoptosis continue to be inves- 
tigated, as do the methods for gene transfer. Presently, adenovirus- 
mediated gene transfer is our clinical method of choice for such 
interventions because of its known tropism for the epithelium of the 
aerodigestive tract, its excellent transduction efficiency, the transient 


nature of gene expression in the cells it infects (lack of permanent 
integration), and its ability to infect nonproliferating cells. The p53 
gene also continues to be of interest as a molecular therapy for some 
solid malignancies. 

p53 was originally discovered through its association with the 
SV40 large T antigen (i, 2). The importance of the p53 gene product 
in human neoplasia was first recognized a few years ago when mutant 
forms of the gene were identified in human colorectal tumors. Sub- 
sequently, p53 mutations have been identified in the majority of 
human malignant solid tumors, including those of the breast (3), colon 
(4), lung (5), and oral cavity (6). Several studies have demonstrated 
the ability of the wt-p5J J to suppress cancer cell growth both in vitro 
and in vivo, suggesting that it acts as a tumor suppressor gene. The 
suppression of cell growth by p53 is mediated by two distinct path- 
ways, one transient and one permanent In the case of transient 
suppression, p53 serves as a cell cycle checkpoint regulator. Overex- 
pression of wt-p5i has been shown to induce a reversible cell cycle 
arrest at the G^S boundary (7, 8). In other instances. p53 may induce 
apoptosis when overexpressed in some cultured cells (9, 10) and is 
required for DNA damage-induced apoptosis in mouse thymocytes 
(11). 

We reported previously that overexpression of the vn-p53 in 
SCCHN cell lines induced via adenovirus-mediated gene transfer 
suppressed growth both in vitro and in vivo (12, 13). Here, we sought 
to examine the mechanism of this growth suppression. Our data 
indicate that the suppression effect, both in vitro and in vivo, is the 
consequence of an irreversible event, apoptosis. 
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MATERIALS AND METHODS 

Cefl Unes and Culture Coodffloos: Recombinant Adenovirus Prepara- 
tftoo and Infection. Human SCCHN cell lines Tu-138 and MDA 686LN were 
all established at toe Department of Head and Neck Surgery. M. D. Anderson 
Cancer Center, and bad been characterized previously (12, 13). All procedures 
were performed and cell lines maintained as described previously (12, 13). Cell 
growth assays were performed in triplicate. 

DNA Fragmentation Analysis. After incubation with Ad5CMV-p5J or 
replication-defective adenoviral controls at various time intervals, cells were 
harvested and resuspended in 300 *U of PBS. to which 3 ml of extraction buffer 
(10 mM Tris (pH 8.0>0.l M EDTA-20 fig'rai RNAse-0.5% SDS1 were added 
before incubation at 3TC for 1-2 h. At the end of incubation, proteinase K was 
added to a final concentration of 100 jig/ml. and the solution was placed in a 
50°C water bath for at least 3 h. DNA was extracted once with an equal volume 
of 0 J m Tris (pH 8.0)-saturated phenol and then again with phenol/chloroform. 
Precipitated DNA was analyzed in a 1% agarose gel. 

Cell Fixation. Before the TUNEL method was used to identify apoptotic 
cells, the cells were fixed in 1% formaldehyde in PBS (pH 7.4) for 30 min on 
ice. Cells were then washed with 3 ml of PBS, resuspended in 70% ice-cold 
eihanol. and stored at -20*C until used. For cell cycle analysis, cells were fixed 
in 70% ice-cold eihanol only. 


) -The abbreviations used are: w\-pSJ. wttd-type pSJ: SCCHN. squamous cell carci- 
noma of the head and neck: TUNEL. terminal deoxy nucleotidyl transferase -mediated 
dUTP-biotin nick end labeling; Ad5CMV- p 5J. witd-rype pS3 adenovirus: TdL terminal 
deoxynuclcoudyl transferase. 
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Terminal Dtoiyuucleoddyl Transfersse Assay. The TUNEL assay was 
performed according to the procedure of Gorczyca ct at. (U>. Bnefly, after 
fuanon and washing, cells were resuspended in 50 *\ of TdT buffer containing 
0.: m sodium cacodylaie (pH ''.0). Z.5 m.M Tris-HCI. Z.5 mM COO- (Sigma 
Chemical Co.. St. Louis. MO). 0.1 m.M OTT (Sigma Chemical Co.). 0.25 
mgml bovine serum albumin (Sigma Chemical Co.). 5 units of terminal 
transferase (Boehnngcr Mannheim. Indianapolis. IN), and 0.5 nmol biotin- 
16-dlTP along wuh dATP. dCTP. and dCTP at concentrations of 20 >lm. 
Controls were prepared by incubating a separate aliquot ot* each test sample 
without dUTP. The cells were incubated in the solution at 37'C for 30 min. 
rinsed in PBS. and resuspended in 100 m1 of fluorescein uothiocyanaie, the 
staining solution containing 4X SSC. 0.l<r Triton X-100. and 2.5 tig/xai 
fluoresceinated avidin (Vector laboratories. Inc.. Burlingame. CA). Tubes 
were incubated for 30 min in the dark at room temperature. Ceils were rinsed 
in PBS with 0.l°fc Triton X-100 and resuspended in 0.5 ml PBS containing 
propidium iodide (5 fi^ml) and 70 nl (1 rn^'ml) RNAse. Tubes were 
incubated in the dark on ice for 30 min before flow cytometric analysts. 

Flow Cytometric Analysis. All samples were analyzed with the use of an 
EPICS Profile U flow cytoraeter (Coulter Corp., Hialeah. FL) with the standard 
optical configuration. At least 10.000 events were counted for each sample. 
Positivity for TdT end labeling was determined by subtracting the control 
histogram from the test histogram with the use of the Immuno-4 program of the 
Elite workstation software (Coulter Corp.). 

Cell Growth Assay. Cells were plated at a density of 2 x 10* cells/ml in 
6-welI plates in triplicate. Cells were infected with either the Ad5CMV-p5i or 
the replication-defective adenovirus (<U312) as a control. Cells were harvested 
at different time intervals and counted, and their viability was determined by 
trypan blue exclusion. 

in Vivo Analysis for Apoptosis. Gene therapy in a microscopic residual 
disease model of SCCHN has been described elsewhere (13). Experiments 
were reviewed and approved by the institutional committees for both *«imai 
care and utilization and the Biosafety Committee for recombinant DNA 
research. Briefly, s.c. flaps were elevated in anesthetized 4 -6- week-old nude 
female mice with sharp dissection, and 2^ x 10 4 tumor cells in 100 *U of 
culture medium were pipetted into the flap and sealed with a horizontal 
mattress suture. Forty-eight h after tumor cell delivery, animals were reanes- 
thetized and infected with Ad5CMV-p5J. replication-defective virus (<5B12\ 
e* PBS alone (mock infection). The animals were observed daily and killed 72 
h after the second, or "therapeutic,** intervention. 

in Situ End Labeling. The procedure was performed as described else- 
where (15). Briefly, paraffin-embedded tumor sections were dewaxed in xy- 
lene for 5 min three times each and were progressively hydrated by immersing 
the slides for 3 min each in 100. 90, 70, and 30% ethanol solutions. Endoge- 
nous peroxidase was inactivated by immersing the slides for 20 min in 0.75% 
H 2 0 2 (v/v) in 100% methanol. After the slides were washed in PBS, sections 
were digested with 0.1% pepsin (Fisher Scientific Houston, TX; w/v) in 0.1 n 
HO for 5 min at 37*C and extensively washed in PBS. Sections were then 
incubated in a moist chamber at 37*C for I h with an end-labeling <ww»ti that 
included the following: 0.5 unit/jil TdT; 0.06 mM biocinylated dUTF; 10 pi 
5x TdT buffer and double-distilled water up to 50 jd- The reaction was 
terminated by immersing the slides in a buffer containing 300 cum NaCl ani 30 
mM sodium citrate in double-distilled water. After the slides were Washed in 
PBS, sections were incubated with horseradish peroxide-conjugated avidin for 
1 h at 37°C in a moist chamber. Staining was developed using 3J'-dUmino- 
benzidine, and sections were counterstained with methyl green. 

RESULTS 

Suppression of SCCHN Cell Line Growth by Ad5CMV^5J. 
We reported previously that wt-pjj can be efficiently transduced into 
SCCHN ceil lines by a recombinant adenoviral vector. Consequently, 
the insulted tumor cells lose their ability to proliferate in vitro as well 
as in vivo. The suppression effect is independent of the endogenous p53 
status of the cell lines. Previous growth rate analyses were carried out 
through a I -week period. Here, we sought to investigate the early effects 
of the wt-piJ on SCCHN cell growth {i.e.. after shorter lime intervals). 

Two representative cell lines were used in this study. Cell line 
Tu-138 harbor* a mutated p5J gene, whereas cell line MDA 686LN 
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Fig. I. Composite growth curve of SCCHN ccU tines. A* Tu-138: B. MDA 686LN. At 
each indicated time point, three dhhes of cells were trypsintxed ud counted. The mean 
of cell counts per triplicate dishes were plotted against the number of hours postinfection. 
Ban, SEM. 


possesses a wt-pJJ gene. Cells infected with the replication-defective 
virus dl312 had growth rates similar to those of the mock-infected 
cells (Fig. 1. A and B). On the other hand, growth of the AdSCMV- 
p5J-infected Tu-138 (Fig. U) and MDA 686LN (Fig. IS) cells was 
significantly suppressed. It appeared that the exogenous p53 protein 
had an earlier and more profound suppressive effect on Tu-138 than 
on MDA 686LN. An apparent morphological change was observed in 
both cell lines, with portions of the cell populations rounding up and 
their outer membranes forming blebs. This resembled apoptosis and 
occurred concomitantly with the initiation of the growth suppression. 
Cells infected with the replication-defective adenovirus dl312 dem- 
onstrated normal growth characteristics with no histomorphological 
abnormalities. It is important that these effects were not observed after 
infection by Ad5CMV-p5i of karyotypically normal fibroblasts (13) 
or human oral keratinocytes (immortalized but nonrumorigenic with 
endogenous wt-p5i). 4 

DNA Fragmentation Analysis. One of the characteristic markers 
of apoptosis that distinguishes it from necrosis is the biochemically 
observable appearance of the ladder of DNA fragments. To confirm 
the assumption that the cells had undergone apoptosis after the 
Ad5CMV-p5J infection, we performed DNA fragmentation anal- 
ysis. Chromosomal DNA extracted from the viable cells after 
infection with the replication-defective virus or Ad5CMV-/?5J was 
subjected to agarose gel electrophoresis. The appearance of DNA 
fragments equivalent to approximately 2U0 bp. and their multiples 
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was noticed in both cell lines (Fig. 2). The fragmented DNA 
appeared 22 h after Ad5CMV-p5.f infection in the TV 138 cell line 
(Fig. 14> and at 30 h in the MDA 686LN cell line (Fig. 2B). 
although they were more evident in the latter at 48 h. No detectable 
fragmented DNA emerged from the mock-infected or dis- 
infected cells. 

In Vitro TdT Assay. .Another characteristic marker of apoptosis is 
the morphological change and destruction of the structural organiza- 
tion of the nucleus, which results in chromatin condensation. Electron 
microscopy has been used extensively to detect such ultrastructural 
alteration. Recently, however, flow cytometric methods for identify- 
ing apoptotic cells have gained favor because of their greater ability to 
scan and analyze cellular populations ( U). The TUNEL method used 
here is based on detection of the extensive DNA breakage to identify 
the apoptotic cells. Fifteen h after infection with Ad5CMV-p5J, 4.4*4 
of the viable Tu-138 cell population was in apoptotic stages (Fig. JU). 
yet we were unable to detect any fragmented DNA in "their agarose 
gels done at that time/ There appeared to be a delay in apoptosis 
induction in the MDA 686LN cells, with 4<~ f of cells exhibitine 
detectable apoptosis 18 h after the infection with Ad5CMV-p5J (Fig. 
35). This apparent discrepancy between the TUNEL assay and frag- 
mentation analysis is most likely due to the high sensitivity of the 
TUNEL assay. The number of apoptotic cells increxsed proportionally 
to the duration of the Ad5CMV-p5J incubation. Nearly 31^ of the 
Tu-138 cells had undergone apoptosis at 22 h. .Although induction of 
apoptosis was at first delayed in MDA 686LN cells, approximately 
bOTr of these cells were in apoptotic stages 48 h after AdiCMV-p/) 
infection. U is noteworthy that the percentage of apoptotic ceils mav 
have been significantly underestimated by "the TUNEL method be- 
cause only viable cells were subjected to the analysis. These data 
correlated well with the growth rate and DNA fragmentation analyses. 
There was no detectable apoptosis in control experiments w ith the use 
of mock infection or replication-defective viral controls MIX) multi- 
plicity of infection). Therefore, apoptosis did not appear to be a 
function of the transduced adenoviral gene products themselves. Sub- 
sequently, cells were counterstained with propidium iodide for their 
total DNA content and visualized with the use of nuclear fluorescence 
(Fig. 4. .A-O). Fig. 4. A and B (Tu-138) and C and D ( MDA h86LN). 
reveals that cells exhibit orange nuclear fluorescence with normal 
nuclear anatomy after infection with replication-defective virus (Fi*. 
4. A and O. in contrast, cells infected \v ith AdfCMV./*/.' showed 
green fluorescence with nuclear fragmentation (Fig. -k 8 and D). 


In Vivo Analysis for Apoptosis. We showed previously that 
Ad5CMV-pJi could suppress tumor formation in vivo. In this study, 
we investigated whether this suppression was the consequence of 
apoptosis. in situ end-labeling analysis was performed to detect ap- 
optotic cells in paraffin-embedded sections obtained from our previ- 
ous study (13. 15). No staining was observed in the tissue sections 
isolated from MDA f>86LN-bearing animals which had received PBS 
treatment only as controls < Fig. -l£V On the other hand, tissue sections 
isolated from MDA 686LN-bearing mice treated with Ad5C\\V-p<J 
were highly stained (Fig. -iFi. suggesting that apoptosis was the event 
involved in suppression of tumor growth in vtvo. 

It has been shown that the WAFI/CIPi gene, which ma> be induced 
after wx-pSJ overexpression. is involved in cell cycle arrest i lf»*/ We 
sought to determine whether the tumor growth suppression we saw 
was due in pan to the cell cycle arrest by the induced p2l protein or 
primarily to apoptosis. Western blotting showed that the p2l protein 
was induced in the Ad5CMV-/>_\*-infected SCCHN cells. However, 
cell cycle analyses indicated that despite the elevated level of p2t 
protein in the Ad5CMV-p5_?-infected cells, there was no significant 
accumulation of cells at G. as compared to S phase/ 

DISCUSSION 

Tumor suppressor genes are only one of several groups of genes the 
transfer of which might be useful for the local and regional treatment 
of solid malignancies. Certainly, because of considerable evidence 
implicating mutations of the p5J gene in human cancers. this has been 
one of the most extensively studied tumor suppressor gene* to Jate. 
Studies have demonstrated that the growth of several different human 
cancer cell lines including colon i^). breast 1 1"). osteosarcoma i l.X). 
and non-small cell lung cancer 1 lo). can be functional!) suppre^ed b> 
wt-p5.* with the use of a variety of methods of gene transfer. The 
mechanism through which wt-/».V expression mediates its control, 
however, requires further elucidation. 

wt-p5i has been shown :o be involved in several aspect* .'f cell 
growth control (20. 21). One of the functions of wt-/oV a% a tumor 
suppressor gene is to induce apoptosis in damaged cells. Thi> process, 
however, is dependent on several known but vet to he characterized 
factors, not to mention cell tvpe of origin and inducid downstream 
effectors t*>. ID). 

We demonstrated previously that the introduction of .vt-/vV mtu 
SCCHN cell lines by a recombinant adenoviral vector suppressed the 


Ml* 


grouch *»t" tumors both m > ttr*> jnd j/i m*i. In the *tud\ presented here. 
\*c -ought to determine the mechanism responsible tor the trre\ers»bUr 
otocidal effect of the recombinant wi-p*.' adenovirus in SCCHN. 

Because transfer and overexpression ot' wt-p.V initiated tumor 
growth suppression, and the wt-p53 protein is one of several gene 
products that may induce apoptosis. we investigated whether apoptosts 
was the mechanism involved in SCCHN. In vitro growth analysis 
<.ho*ed that the growth of both SCCHN cell lines was suppressed 
by the exogenous expression of wt-p53 protein, independent of 
their endogenous p5J status (whether mutated or wt). The effect 
occurred earlier and more profoundly in the endogenously mutated 
cell line, but growth was totally suppressed within 72 h in both of 
the SCCHN cell lines used ( 13). Whether this delay in suppression 
was a function of the endogenous p53 status of that cell line or of 
other related or unrelated molecular events remains to be investi- 
gated. It is important that karyotypically normal human fibroblasts 
(with endogenous wt-pJJ) were insensitive to Ad5CMV-p5J treat- 
ment despite adequate transduction. Similarly, nonmalignant hu- 
man immorfattfed oral keratinocytes were equally unaffected by 
such treatment. These studies illustrate the specificity of this 
molecular approach, as well as its sparing of normal tissues, even 
if they are transduced. 

The SCCHN ceil lines infected with Ad5CMV-pJjf clearly mani- 
fested apoptosis. Nucleosomal DNA analysis revealed characteristic 
fragmented DNA laddering in both cell lines, with fragmentation 
occurring earlier in the endogenously mutated cells. Replication- 
defective virus produced no effect, suggesting that the process was not 
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a function of transduced viral gene products unrelated :o ;he p:* gene. 
In vttm TdT analysis corroborated both growth rate and OVA trag. 
mentation analvscs. although the assay proved to he more >cnMi»\e for 
the detection of earlier nuclear fragmentation and allowed the perusal 
of the overall tumor cell population. Moreover, in um end labeling 
illustrated that apoptosts was also the mechanism involved m 
suppression of tumor growth in vivo. 

Multiple pathways may exist for induction of apoptosis. and these 
pathways may be regulated by interventions from upstream and or 
downstream factors. Accumulating evidence suggests that both p<J- 
dependent andpiJ-independent apoptocic pathways exist 1 1 1. 22. 23). 
It is likely that multiple factors determine whether p5J mediates cell 
cycle arrest or apoptosis. including the histological source and em- 
bryonic origin of the cells, the constitutive molecular make-up of the 
cells, and factors relating to the transformation process. p?3 is prob- 
ably not a requirement for apoptosis in embryonic development be- 
cause ~p53 knock-out" mice develop normally (24). In contrast. pfs 
may be extremely important as a critical defense mechanism to induce 
apoptosis'in cells that overexpress oncogenes or mutated tumor -op- 
pressor genes or are vi rally transformed. This has been shown in a 
Burkitt's lymphoma cell line which constitutively expressed an active 
c-mvc oncogene and underwent apoptosis after expression of exoge- 
nous p5J (25). Additionally, other factors, including the 5c/ family of 
genes and adenoviral ElB proteins, may block apoptosis in both 
/>5J -dependent and p5J-independent pathways (26). 

The induction of WAFl/CIPl in pii-mediated G( arrest and apop- 
tosis in response to DNA damage has also been reported I 16). (n our 


Fi$. .V Libeling of DNA break* in jpuptotic or lb with biotiny. 
fated UlTP by TUN EL method. After infection, flow cytometric 
jrulvMN for apuptotis was performed in a tune course expe r ime n t. A. 

cell* which ire infected with dU 1 2. a replication-defective 
adenovirus 1.4-01. or AU5CMV-/I.V (£-/#\ ff. MDA NJ6LN cells 
which are infected with JD12. a replication-defective adenovirus 
1.4-01. »*r with Ad5C\IV-/>.V «£Wt\ Ap. apoptosis. 
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other important ceil c>cle-regulating components such as pl6. p2i, 
cyclins. and cyctin-Ue pendent kinases remain to be elucidated. 

(n summary, the studies presented here demonstrated that 
AdSCMV-pi.f induced apoptosis in SCCHN but spared normal cells. 
In contrast. Roth *t aL [ round thai the same intervention sup- 
pressed the growth of malignant non-small cell lung cancer cells 
(H358) but did not induce apoptosis. This supports the concept that there 
are inherent constitutive differences between these neoplasms that may 
regulate the apoptotic process. We conclude that selective induction of 
apoptosis of solid malignancies that spares normal cells is an attractive 
strategy for molecular therapy and requires further investigation. 
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